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Introduction
Cytochrome bo 3 is an ubiquinol oxidase and a terminal oxidase in Escherichia coli. As a member of the A-type heme-copper oxidase (HCO) family, cytochrome bo 3 is homologous to the mitochondrial Complex IV/cytochrome c oxidase [1, 2] and binds oxygen at its hemecopper bi-nuclear center (BNC) where the oxygen molecule is reduced to water [3] . A marked distinction between the two protein complexes is that cytochrome c oxidase receives electrons from a single-electron donor, cytochrome c, whereas cytochrome bo 3 has a twoelectron donor, ubiquinol. Oxygen reduction is coupled to the movement of protons, resulting in the uptake and release of protons involved in two different processes: 1) protons participating in the redox reactions ("chemical protons") and 2) protons transported across the membrane ("pumped protons") [1, [4] [5] [6] [7] [8] . During normal turnover, "chemical protons" and "pumped protons" both contribute to the transmembrane electrochemical gradient () and pH gradient (∆pH), which together constitute the proton motive force (pmf), the driving force for the synthesis of adenosine triphosphate (ATP) [1] . The chemical and pumped protons together account for eight protons transferred across the membrane per oxygen molecule reduced, giving a stoichiometry of 2 H + /e - [3] .
The molecular mechanism of proton pumping by HCOs has intrigued the scientific community since it was first proposed [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . It is generally accepted that proton pumping is achieved by coupling electron transfer steps or redox states of BNC to the orchestrated protonation of key amino acid residues and/or water molecules [8, 17, 18] . Two proton entry pathways have been identified for HCOs and are named after amino acids that are considered to play important roles in each channel. These are the D-and K-channels, where the Dchannel takes up both chemical and pumped protons and the K-channel only takes up chemical protons. At the end of the D-channel, a crucial glutamate is located (E286 for E.
coli cytochrome bo 3 ), which is believed to act as a gate, preventing backflow of protons during turn-over [6] . The proton exit pathway is less clearly defined, although a key protonloading site (PLS) has been identified at one of the propionate group of the heme that is part of the BNC [19] .
The protonation state of residues at the entrances and exits of the proton channels in HCOs are affected by the pH on each side of the membrane, and thus pH is expected to affect the proton pumping and redox activities of the enzymes. The effect of pH on the oxygen reduction activity was found to be different for the two sides of Rhodobacter sphaeroides cytochrome c oxidase. In particular, the enzyme activity was observed to change with the pH
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3 at the N-side (proton entrance) of the enzyme, but remained relatively unaltered upon changing the pH at the P-side (proton exit) [20] .
We have recently published a novel methodology in which the proton transport activities of single cytochrome bo 3 enzymes are continuously monitored for hundreds of seconds [16] .
In this method, which is schematically shown in Fig. 1 , proteoliposomes are prepared with a low protein-to-lipid ratio, such that only 1 in ~10 liposomes contains a (single) cytochrome bo 3 . The (proteo)liposomes are sparsely adsorbed on transparent, gold coated, microscopy slides so that individual vesicles can be optically monitored. The pH in the lumen of the (proteo)liposomes is monitored via a membrane impermeable pH-dependent fluorescent dye, which are encapsulated in the vesicles. After a set period of time, typically 100s, the ubiquinone pools in the (proteo)liposomes are electrochemically reduced, which initiates and sustains proton transportation by cytochrome bo 3 in proteoliposomes. The electrical potential is switched off again after a set period of time, usually 100s, and the enzymes enter their rest state as the ubiquinol pool in the vesicles is exhausted within the temporal resolution of the experiment [16] . Fluorescence images are taken continuously throughout the three stages of the experiments: the pre-potential period (enzyme at rest), potential window (enzyme active), and post-active period (enzyme at rest). The experiments were carried out on the wild-type (WT) cytochrome bo 3 in the absence and presence of valinomycin, which abolishes , and on E286C cytochrome bo 3 in which the glutamate "gate" has been mutated. This mutant still reduces oxygen to oxidize ubiquinol, transporting "chemical protons" across the membrane in the process, but is unable to "pump" protons [21] . 
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Single-enzyme measurements have the key ability to detect rare conformational states and the single-enzyme experiments on cytochrome bo 3 identified the previously unknown longlived "stalled" and "leak" states [16] . In the stalled state, cytochrome bo 3 stops transporting protons in spite of the supply of ubiquinol and oxygen. More surprising was the observation of leak states during which protons rapidly and freely flowed backwards, dissipating the transmembrane energy gradients [16] . In our previous work, we showed that the relative frequency of the enzyme entering either the stalled or the leak state is correlated to the pH [16] . Using a similar methodology, similar stalled and leak states were also observed in single-enzyme studies of the prototypic proton-pumping P-type ATPase from Arabidopsis thaliana isoform 2 (AHA2) [22] . In the present study, we have extended our single-enzyme analysis of cytochrome bo 3 and show that (a) increased membrane curvature reduces proton pumping activity; (b) leak states might be retained by cytochrome bo 3 directly after turn-over has been halted and; (c) proton transport activity is mostly affected by the pH on the P-side. (Fig. 2, top) . 
Results and Discussion
Effects of membrane curvature
Membrane curvature affects the activity of many membrane proteins, and some membrane proteins have been shown to change membrane curvature [24] [25] [26] . In Fig 3 , the proton translocation activity of cytochrome bo 3 is thus analyzed in relation to proteoliposomes size, which indicates that the proton transport rate is indeed correlated to the membrane curvature.
We note that to compile Fig. 3 , only data has been used where cytochrome bo 3 actively transport protons, i.e., stalled and leak states have been omitted. As explained in the introduction, pH changes in the lumen are measured via an encapsulated fluorescent dye. The size of proteoliposomes were determined independently, by doping the lipid vesicles with fluorescent lipid analogues and using the intensity of this fluorescence to determine the size, which is calibrated using dynamic light scattering [27] . As shown in the top of Fig. 3 (white bars), the rate of pH change is largely constant with proteoliposome size. However, the volume of the internal lumen and the number of phospholipids in a vesicle are dependent on its size and both properties affect the buffer capacity of the vesicle. As a result, smaller vesicles should display larger pH changes when a fixed number of protons is transported.
Indeed, when the rates of pH changes (which are size independent) are converted to the rates of proton transportation (see Materials and Methods for details), cytochrome bo 3 's activity is shown to be strongly dependent on the proteoliposome size, i.e., the enzyme is more active in low-curvature membranes (Fig. 3, bottom) . This is in agreement with earlier studies that suggest that the structure and function of transmembrane proteins can be influence by membrane curvature [28] [29] [30] [31] .
In the single enzyme proteoliposomes, cytochrome bo 3 is found in both orientations, either transporting protons into or out of the lumen. The effect of membrane curvature was also determined for either orientation separately, but no significant differences were observed between both orientations (not shown) and hence, in Fig. 3 , transport by cytochrome bo 3 in both orientations is combined. Cytochrome bo 3 has a large degree of asymmetry with the ubiquinol active site and proton entry and exit sites on different sides of the membrane. The absence of any effect on protein orientation is thus perhaps unexpected, but consistent with a model in which higher membrane tensions induce general allosteric effects on enzymes as a whole (rather than in orientation dependent manner) [28] [29] [30] [31] .
The effect of membrane curvature is sufficiently large that it should be observable in ensemble experiments. To test this, an ensemble experiment was performed in which the decylubiquinol (DQ) oxidation activity of cytochrome bo 3 was determined in proteoliposomes of different sizes. Proteoliposomes were prepared identically to the single-
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8 enzyme experiments, but with a higher protein-to-lipid ratio. Ten freeze-thaw cycles were performed to increase size of the proteoliposomes to a diameter of 518 ± 23 nm, which was determined by dynamic light scattering (the polydispersity index, PDI was approx. 0.52). The The transport of protons into or out of the proteoliposomes contributes to both pH and , but only the former is determined in our experiments. At sufficiently high pmf, the activity of cytochrome bo 3 is expected to decrease, but without quantifying  this cannot be experimentally confirmed. To study the effect of  in the single enzyme experiments,  was abolished by the addition of valinomycin in a potassium buffer (Fig. 3) . Two opposing effects were observed. First, adding valinomycin resulted in the anticipated increase in proton transporting activity, but only for vesicles smaller than ~140 nm. This effect, which is more clearly seen in the rate of pH change (Fig. 3 , top), appears to be eliminated for larger vesicles, such that proton transport activity slightly decreased. We propose that in the smaller vesicles, proton transport creates a significant , which together with pH, limits the activity of cytochrome bo 3 . When  is abolished by the addition of valinomycin [32] , the average proton transport rate increases. In contrast, in the larger vesicles, the build-up of  by a single enzyme might be less pronounced and a previously observed, direct inhibitory effect of valinomycin [33] might offset the effect of dissipating . The increased error bars in proton transport for larger diameters (Fig. 3 , bottom) make it hard to record the anticipated plateau for larger vesicles. An example of a long-lifetime proton leak state that is occupied by cytochrome bo 3 under turn-over conditions is shown in Fig. 2 , bottom left. We have presented a detailed analysis of these rare leak states under turn-over conditions previously and they were observed in 7.2% of the proteoliposomes [16] . Here we extended this analysis by testing whether proton leakage continues when the electrochemical potential is switched off and, consequently, the ubiquinol substrate is depleted. Hereafter, cytochrome bo 3 during this period will be referred to as in the "post-active state".
As described in the method section, the time traces during the post-active state were fitted with a single-exponential curve (see also Fig. 2 ), where the half-life of the proton leakage is derived from the fitted parameters. A significant proportion of the proteoliposomes with cytochrome bo 3 shows significant leakage in the post-active phase and more than half the proteoliposomes show half-lives below 500 s (Fig. 4 , top, white bars). However, liposomes are known to exhibit an intrinsic "background" permeability towards protons [34] . To test whether cytochrome bo 3 contributes to the observed leakage in the post-active phase or whether the leakage is due to background permeability, the same analysis was performed with a mutant of cytochrome bo 3 , E286C. Fig. 4 (top, grey bars) shows that E286C cytochrome bo 3 displays significantly fewer leakage events with a half-live below 100 s.
We have previously performed pH jump experiments in which proteoliposomes with WT or E286C cytochrome bo 3 were subjected to a sudden pH change of ~0.5 units (Supplementary information of reference [16] ). These proteoliposomes were prepared with a higher protein-to-lipid ratio to ensure each liposome contained cytochrome bo 3 . Here, we have re-analyzed these pH jump experiments to determine half-lives of the pH gradients (Fig.   4 , bottom). It is clear that in these pH jump experiments, liposomes of this study with WT (or E286C) cytochrome bo 3 do not exhibit significant proton leakage with half-lives below 100 s.
In contrast, slower leakages with half-lives above 100 s are observed, which we ascribe to background permeability of the liposomes.
Together, these observations show that in the "post-active state", a significant fraction of proteoliposomes with WT cytochrome bo 3 exhibit fast proton leakage (half-lives < 100 s) that is not due proton permeability of the proteoliposomes (i.e., background leakage). This strongly suggest that proton leakage with half-lives below 100 s occurs through the enzyme.
It is unclear to what extend this leakage is identical to the leak state we previously identified in proteoliposomes with WT cytochrome bo 3 under turn-over conditions. Importantly, leakage with half-lives below 100 s is not observed in pH jump experiment where A C C E P T E D M A N U S C R I P T cytochrome bo 3 has not been active, consistent with the idea that cytochrome bo 3 at "rest"
(oxidized O-state) does not leak protons. We note that the post-active leakage is observed either as a continuation of the leakage initiated during conditions that support turn-over (Fig.   2 , bottom left) or immediately when commencing the post-active period (Fig. 2, middle) .
Presumably, in the former, the leak state simply continues when the electrochemical potential is switched off at the start of the "post-active" phase.
We note that we have previously confirmed that leakage is reversible, i.e.,
proteoliposomes that display leakage return to a non-leaking state ( Figure S3 of the Supplementary Information in [16] ). We observed that the percentage of (proteo)liposomes in consecutive time-trace experiments on a single electrode is constant. Would leaking proteoliposomes not be able to return to a non-leak state, this percentage would have decreased. Furthermore, we previously also determined that addition of valinomycin did not change the frequency by which leak states were observed [16] . This suggests that the probability by which cytochrome bo 3 can adopt a leak state is not dependent on . We note,
however, that valinomycin did affect the leak rate, suggesting that  contributed to the kinetics by which protons flow back once a leak state is adopted by cytochrome bo 3 .
Previously, the group of Verkhovsky showed that proteoliposomes containing cytochrome In this respect we note a very recent publication by the group of Brzezinski, in which single-enzyme experiments were performed with cytochrome bo 3 , but under their experimental conditions no leak state was observed during continuous turn-over [36] . This is in contrast to our experiments, the analysis by Verkhovsky discussed in the previous paragraph [35] as well as leak states observed with another structurally unrelated enzyme, Ptype ATPase [22] . A detailed discussion of the differences in methodology between the two studies and how they could be responsible for the observed difference falls outside the scope of this paper. However, it would be interesting to examine whether there is an effect of the different substrate homologues used in both studies (ubiquinol-1 versus the lipophilic ubiquinol-10) and its potential correlation to oxidative and leaking states of cytochrome bo 3 or whether the temporal resolution affects the observations. The fact, however, that we and others have observed leaking in multiple structurally unrelated proton transporters suggests that leaking could be a general feature reflecting stochastic nature of transporter function at single molecule level.
Finally, one might question to what extend the leak states contribute to the maximum pH that can be generated by cytochrome bo 3 . The maximum pH observed in our experiments is 2 units, although very few liposomes are observed with a pH > 1.5. 2 pH units is equivalent to an electrochemical potential of ~120 mV, close to the value reported for the plasma membrane in E. coli cells [37] . We have previously shown that the probability of the leak and stalled states increases at higher pH [16] . Thus, it is possible that when pH reaches saturating conditions, the enzyme simply stops or stochastically starts leaking. However, due to the low number of liposomes that are obtained at pH > 1.5, it is hard to make statistically robust conclusions on whether and, if so, how the leak states limit the maximum attainable pH.
13 Fig. 4 The distribution of the proton leakage half-life of proteoliposomes after the electrical potential was switched off (Top, enzyme inactive) and after a pH jump of 0.5 units was applied (Bottom). The white and grey colors correspond to WT and E286C cytochrome bo 3 , respectively. Only half-life values below 500 s are shown as higher values cannot confidently be determined in the 100 s time period the post-active state was monitored.
pH effects on proton transport activity As discussed in the introduction, the pH on the N-side of the closely related cytochrome c oxidase has been shown to be fully accountable for the overall pH-dependency on the O 2 reduction activity and kinetics of proton uptake and electron transfer in the pH-interval 6-9.5 [20] . The aforementioned study was performed at the ensemble level and the pH in the lumen and extravesicular ("bulk") buffer were set so that the enzymes did not work against a pH.
In contrast, the present study investigates cytochrome bo 3 on the single-enzyme level. Here, when cytochrome bo 3 is activated and starts transporting protons, the lumen pH increases or decreases depending on the random orientation of the protein complex in the proteoliposome (Fig. 2) . The extravesicular pH remains constant at 7.4 because the volume of the lumen of proteoliposomes absorbed in the surface is negligible compared to the relatively large volume of buffered solution.
If the intravesicular pH is the same as the outside, the enzymes build a pH against the proton transportation as soon as they become active. Importantly, however, before activating cytochrome bo 3 (the pre-potential period), the pH in the lumen was observed to vary between single proteoliposomes with a distribution around the bulk pH 7.4. Thus, the distribution of the lumen pH at the start of the time traces enables us to monitor enzymes transporting proton along, as well as against, pH, while at the same time monitor the effect of absolute pH values. As both orientations of the enzymes in the proteoliposomes are present, the present study contains data for 4 types of condition for proton transportation: outwards against pH ( (Fig. 5, middle) . A similar pH dependency is observed with valinomycin, although there is now a possible pH effect apparent at the N-side, but with a much smaller magnitude as that of the P-side.
Cytochrome bo 3 has two proton channels conserved in the Type-A heme-copper oxidases, known as the K-and D-channel, both of which lead to the heme-copper BNC where oxygen is reduced [1, 4, 9, 38] . The K-channel transports protons required for the oxygen reduction and the D-channel transports both protons for oxygen reduction and all the pumped protons [5] [6] [7] [8] . Both channels take up protons from the N-side, but some of the protons taken up from the D-channel are transported to a currently unidentified proton exit site at the P-side. In cytochrome bo 3 , unlike the cytochrome c oxidases, protons released from the ubiquinol oxidation reaction are also released to the P-side. To differentiate between the two proton releasing reactions (i.e., the pumped protons and protons released by ubiquinol oxidation) we again resorted to the E286C mutant, which does not pump but still releases protons from ubiquinol oxidation to the P-side. Fig.5 (bottom right) indicates that while proton uptake from the N-side is qualitative similar to WT cytochrome bo 3 , the pH dependency on proton release at the P-side is not detected in the mutant. We therefore propose that the pHdependency of proton transport activity by WT cytochrome bo 3 is due to proton release at the proton-exit site. 
Conclusions
Using single-enzyme data, three enzyme properties of a HCO, cytochrome bo 3 , were established. The proton transport rate is insensitive to pH between pH 6.4-8.4 on the N-side of the enzyme, while on the P-side the activity is optimal at a pH of about 7.4. Second, the proton transport rate is positively correlated to the size of the proteoliposome, i.e., the enzyme activity is negatively affected by membrane curvature. Finally, cytochrome bo 3 can enter a leak state either during turn-over or upon halting turn-over. While this suggests one of the intermediate oxidative states may be linked to leakage the mechanism by which cytochrome bo 3 leaks protons is currently unknown and is subject to further studies.
Materials and methods
Protein purification and reconstitution
All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Wild-type and E286C cytochrome bo 3 were purified from Escherichia coli C43 strains with the bo 3 gene knocked out from chromosome, where proteins were expressed from pET plasmids containing the corresponding gene sequences [21] . Wild-type cytochrome bo 3 was also purified from GO105/pJRhisA [23] for comparison. Proteins were purified [39] and reconstituted [40] similarly as previously reported.
Cells expressing cytochrome bo 3 to about 25 mL, the mixture was centrifuged at 100000 g for 1 h at 4 C and the proteoliposome pellet was resuspended in 0.5 mL of the same buffer. Finally, the proteoliposomes solution was centrifuges at 17000 g for 5 min to remove debris and the supernatant was stored at 4 C and used within 48 h for the single-enzyme electrochemistryfluorescent experiments.
For the ensemble experiments, the same reconstitution protocol was used but at a higher protein-to-lipid ratio of 1% (w/w). After reconstitution, the proteoliposomes were treated with 10 freeze-thaw cycles to increase the average size of the vesicles. The size of the vesicles was measured with DLS as previously described [41] . The decylubiquinol oxidation activity was measured after which the liposome size of the same preparation was reduced by extruding them through 100 nm track-etched membranes and the activity measurement was repeated. The enzymatic activity assay was similar to that outlined in Rumbley et al. [39] .
First the substrate, decylubiquinone (Sigma-Aldrich), was solubilized in absolute ethanol.
The concentration of the prepared decylubiquinone solution was confirmed spectroscopically at 275 nm ( = 19 mM -1 cm -1 in absolute ethanol). Decylubiquinone (DQ) was reduced to decylubiquinol using sodium borohydride crystals in a method similar to that described in Trounce et al. [42] . 
Electrochemistry-microscopy measurement
The experimental set-up was described in detail elsewhere [16] .
Proteoliposomes/liposomes were sparsely absorbed to a highly smooth gold electrode functionalized by 6-mercapto-1-hexanol. Images and time-resolved image series were recorded using an inverted epi-fluorescence microscope (Nikon Instruments, U.K.). The frame rate is 2.6s. Typical image series contain about 500-1000 lipid vesicles. The ubiquinone pool in the vesicles' lipid bilayer can be electrochemically reduced (-0.2V vs.
Standard Hydrogen Electrode) and initiates oxygen reduction and proton uptake/release in cytochrome bo 3 . The recording of images starts without an electrochemical potential (prepotential phase) followed by a 100s-phase (within-potential phase) with the electrochemical potential applied to the gold electrode (cytochrome bo 3 can transport protons in this phase).
The potentiostat was then switched off again but the image recording would continue for certain amount of time (post-active phase). The total time span for each recording session is 300s. When the electrochemical potential is terminated, the proton uptake/release activity is found to halt within the time resolution of this study and, thus, the enzyme activity is tightly controlled by the potentiostat. There is a minimum of 15-minutes waiting period between each recording to allow the pH and membrane potential to dissipate, and the fields of view the experiment with the wild-type enzyme was about 69,000, of which about 4000 vesicles exhibit proton uptake/release. When required, valinomycin was added to a final concentration of 10 µM as described in detail elsewhere [16] .
Data Analysis
The data analysis procedure is written in MATLAB language and was described in detail previously [16] . Before the start of an experiment a single fluorescence image was taken to obtain the ATTO-633 fluorescence intensity of individual proteoliposomes/liposomes, which was used to calculate the radius (r) of the individual proteoliposomes/liposomes. Timeresolved imaging data were recorded for HPTS fluorescence. Image series were registered and corrected for drifting using ImageJ StackReg plug-in [45] . All subsequent analysis was performed in MATLAB R2015a (MathWorks, Massachusetts, U.S.A.) using user-written code. Lipid vesicles were identified on each frame of the image series and a two-dimensional
Gaussian function was used to fit each vesicle' HPTS fluorescence images. The ratio of the fluorescence intensity of HPTS with the two excitation filters was used to calculate the pH inside the individual proteoliposome/liposomes at the time of measurement, according to:
where R is the measured intensity ratio using the two excitation filters, pK app is the apparent pK a value of HPTS and R a and R b are the fluorescence intensity ratios of the protonated and unprotonated forms of HPTS, respectively.
The cumulative number of protons taken/released (H + total ) was then calculated based on the diameter of lipid vesicle, the pH change of a vesicle compared to the beginning of the recording (i.e., (pH) t = pH t -pH 0 ; where pH t is the pH at time t and pH 0 the average pH of the pre-potential phase) and the buffering effect of MOPS buffer (H To do this, we estimated a weighted average of the lipid molecular weight and an average of the surface area per lipid molecule (A lipid headgroup ) [47] . Various alternative models were considered to fit the pH titration and describe the buffer capacity of the E. coli extract, but alternative models were not found to significantly change the determination of H The sections of time traces recorded after the applied potential was switched off were fitted with an exponential decay function, where it was assume the pH would return to the pH in the lumen before the experiment started (i.e. pre-activity pH). We also analyzed the data assuming the pH would return the bulk pH (7.4) and, qualitatively, this produced the same results.
The sections of the time traces within the potential window were then analyzed using userwritten code to detect the proton taken up/released and leaking events. This automatic analysis is based on the hypothesis that a correlation between the pH/number-of proton taken up/released and time indicates either an active proton uptake/release or leaking event. It consists of fitting the data to models of one or multiple joint lines and, for each line (segment), the calculation of Kendall tau rank correlation coefficient. In order to prevent over-fitting of the trace by multiple lines, the fitting would start with a single linear regression (a single segment). If the standard deviation of the residual was less than 110% of the standard deviation of the trace, the procedure was stopped and the Kendall tau value determined. The standard deviation of the trace is independently determined using the data prior to the application of the potential. It is assumed that the intravesicular pH before the applying a potential is constant and that the noise level is consistent during the entire trace. If the standard deviation of the residual of the segment is higher than 110%, the data is fitted to two joined segments (i.e., the start of the second segment joins with the end of the first segment), where an iterative process is used to determine, based on the best fit, at which time-point the two segments are connected. If any of the segments still has a residual with a standard deviation above 110%, this process is continued. To further check if the use of multiple segments is statistically justified, adjusted R 2 values are determined for fits using one, two or more segments, and the fit with the highest adjusted R 2 value is used. Adjusted Proton uptake/release or leaking rates are taken from the slopes of the segments. The data was analyzed with higher and lower confidence levels and was found to be qualitatively identical. Finally, a leak event is defined as a change in the sign of a slope for two adjoining segments, where it is assumed that the first segment is due to active proton uptake/release.
